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Abstract
I provide constraints on mantle convection through observations of the rheology and

composition of the oceanic upper mantle. Convection cannot be directly observed, yet is
a fundamental part of the plate tectonic cycle. Relative motion among plates is accommo-
dated by localized deformation at their boundaries. I demonstrate that in the ductile regime,
strain localization occurs when different mineral phases are mixed together, limiting grain
annealing. Upper mantle flow is by dislocation creep, resulting in seismic anisotropy due
to mineral alignment. I use a shear zone in the Josephine Peridotite to quantify the rela-
tionship between mineral orientation and shear strain, providing an improved framework
for the interpretation of seismic anisotropy. The upper mantle is generally assumed to be
homogeneous in composition. From detailed isotopic and chemical analyses of abyssal
peridotites from the Southwest Indian Ridge, I show that the mantle is heterogeneous at a
range of length-scales. Abyssal peridotites recovered at ocean ridges are generally inter-
preted as the depleted residues of melt extraction. I find that melt-rock reaction is a sig-
nificant part of the melt extraction process, modifying the composition of the lithospheric
mantle. The generation of heterogeneous lithosphere provides a source for asthenospheric
heterogeneity, via subduction and mantle convection.

Thesis Supervisors:
Nobumichi Shimizu, Senior Scientist, Woods Hole Oceanographic Institution
Gregory Hirth, Associate Scientist, Woods Hole Oceanographic Institution
Henry J. B. Dick, Senior Scientist, Woods Hole Oceanographic Institution
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Chapter 1

Introduction

This thesis provides constraints on mantle convection through observations of the rhe-

ology and composition of the oceanic upper mantle. Mantle convection is a fundamental

part of the plate tectonic cycle, but cannot be directly observed. Instead, it must be studied

by indirect methods, such as seismic observations, modeling, and sampling of peridotites,

the depleted residue of mantle melting that produces oceanic crust. In this thesis, I present

two investigations into the rheology of peridotites (Chapters 2 and 3) and two investiga-

tions into the geochemistry of peridotites (Chapters 4 and 5). From analysis of olivine

microstructures, I address the origins of localized ductile deformation in the lithosphere

and the response of olivine orientation to flow in the upper mantle. I then present datasets

of peridotite chemical and isotopic compositions and use these to constrain mantle compo-

sition - both lithospheric and asthenospheric - and ridge melting processes.

1.1 Rheological Constraints

The oceanic crust and upper mantle, collectively known as the oceanic lithosphere, form

two-thirds of the rigid plates that make up the outer layer of the Earth. Relative motion

among plates is accommodated at their boundaries, resulting in zones of localized defor-
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mation, such as transform faults. At the surface, strain accumulation results in brittle failure

on these faults, producing earthquakes. At depth below a fault, increasing pressure and tem-

perature result in a transition from brittle to ductile accommodation of strain. In Chapter

2, I present observations from peridotite mylonites - ultra-fine grained rocks collected at

oceanic fracture zones - for the mechanisms involved in ductile shear localization.

Strain localization in the ductile regime is promoted by the transition from grain-size

insensitive to grain-size sensitive creep, which at small grain size results in a lower viscosity

and thus higher strain rate. This transition requires grain size reduction, which must be

permanent for strain localization to be permanent. In Chapter 2, 1 use electron backscatter

diffraction (EBSD) analysis of a peridotite mylonite to examine olivine grain orientation

and size, and the distribution of secondary phases. The observations place constraints on

the dominant creep mechanisms in peridotites during strain localization and the process

by which grain size is limited. In addition, the conditions of mylonite deformation are

estimated by comparison to laboratory data for olivine, to provide quantitative constraints

on conditions at the base of the seismogenic zone.

In the convecting mantle, movement is accommodated by creep mechanisms. In the up-

per mantle, the observation of seismic anisotropy indicates that creep has produced mineral

alignment, leading to the conclusion that olivine is deforming by dislocation creep (Hess,

1964). In Chapter 3, I provide quantitative constraints on the relationship between olivine

orientation and shear strain. These observations are critical for quantifying the relationship

between the kinetics of deformation and the direction and magnitude of seismic anisotropy.

Experimental investigations (e.g., Nicolas et al., 1973) into the relationship between olivine

LPO and shear strain have provided a framework for LPO evolution models. However, ex-

periments are conducted on pure olivine aggregates at higher stresses and faster strain rates

than occur within the Earth. Using EBSD, I determine the evolution of olivine lattice pre-

ferred orientation as a function of shear strain in naturally deformed peridotites from the
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Josephine Peridotite in southwest Oregon. Our observations from natural samples provide

an improved framework for the interpretation of seismic anisotropy.

1.2 Geochemical Constraints

The oceanic lithosphere is produced by pressure-release melting of the convecting as-

thenospheric mantle when it upwells beneath ocean ridges. This lithosphere eventually

cools and becomes negatively buoyant, sinking back into the asthenosphere at subduction

zones. The extent to which subducted slabs are re-mixed into the convecting mantle and

eventually exposed again at ridges is the subject of much debate. In general, the upper man-

tle is treated as compositionally homogeneous, due to the relative homogeneity of MORBs

(mid-ocean ridge basalts) with respect to ocean island basalts (Zindler and Hart, 1986).

The composition of the upper mantle is constrained from (1) the average MORB isotopic

composition, which reflects continental crust extraction over the past 3 Gy, and (2) the com-

position of residual abyssal peridotites. Workman and Hart (2005) used these constraints

to construct a model average composition for the upper mantle, referred to as DMM (De-

pleted MORB Mantle). I use abyssal peridotites in Chapters 4 and 5 to assess the extent to

which the upper mantle deviates from this average composition.

In Chapter 4, I present detailed isotopic and trace element analyses of clinopyroxenes

and orthopyroxenes from abyssal peridotites, to constrain isotopic heterogeneity in the as-

thenospheric mantle. MORBs, as mixtures of melts sourced over relatively large areas,

cannot preserve heterogeneities at the shortest length-scales. In addition, by mass balance,

the isotopic composition of MORBs are dominated by the least chemically depleted com-

ponent in the melt. However, despite these constraints, significant variations in MORB

composition have been observed (e.g., Dupr6 and All6gre, 1983). In addition, while a

general consensus exists as to the presence of recycled crustal components in the man-

tle, the debate in recent years has centered around the "veined mantle hypothesis" (e.g.,
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AII6gre and Turcotte, 1986). In this model, the upper mantle contains eclogite and pyrox-

enite veins that are direct remnants of stretched and thinned subducted oceanic crust. I test

this hypothesis in Chapter 4 by examining the isotopic and trace element compositions of

pyroxenite-veined abyssal peridotites.

The composition of peridotites collected at ocean ridges reflects the processes of melt-

ing and melt extraction, in addition to initial source composition. In Chapter 5, 1 assess

the role of melt-rock reaction in modifying the composition of the lithospheric mantle at

ridges. Abyssal peridotites, collected at all major ocean ridges, are generally interpreted

as the depleted residues of near-fractional melting (Johnson et al., 1990). Melt is extracted

from peridotites by focused flow in dunite channels, which produces the observed chemical

disequilibrium between peridotites and MORBs (e.g., Kelemen et al., 1995). This interpre-

tation minimizes the role of other melt-rock reaction processes in modifying peridotite

composition. In Chapter 5, I demonstrate that abyssal peridotites encompass a larger corn-

positional range than previously recognized and that much of this variation is the result

of a variety of melt-rock reaction mechanisms. Heterogeneity of the lithospheric mantle

is an important component of the convection cycle, as the lithosphere is eventually recy-

cled back into the convecting mantle at subduction zones. The time-integrated effect of

recycling heterogeneous lithospheric mantle into the asthenosphere will be increased het-

erogeneity within the Earth.
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Chapter 2

Grain Size Sensitive Deformation
Mechanisms in Naturally Deformed
Peridotites*

Abstract

Microstructural analyses of peridotite mylonites from the oceanic lithosphere indicate
that shear localization results from the combined effects of grain size reduction, grain
boundary sliding and second phase pinning during deformation. The pinning effect, com-
bined with experimental flow laws for olivine, suggests that a permanent transition from
dislocation creep processes to diffusion creep occurs. This rheological transition provides
a mechanism for long term weakening of the lithosphere for rocks deforming in the brittle-
ductile regime. In addition, our results support the hypothesis that a transition to diffu-
sion creep promotes the randomization of pre-existing lattice preferred orientations, which
would reduce seismic anisotropy.

*Reprinted from Earth and Planetary Science Letters, Vol. 248, J. M. Warren and G. Hirth, Grain Size

Sensitive Deformation Mechanisms in Naturally Deformed Peridotites, 423-435, @2006, with permission
from Elsevier.
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2.1 Introduction

The observation of fine grained mylonites in shear zones indicates that grain size sensi-

tive creep processes promote strain localization (e.g., Kirby, 1985; Tullis et al., 1990; Drury

et al., 1991; Jaroslow et al., 1996; Jin et al., 1998; Newman et al., 1999; Jiang et al., 2000).

For the sample in Fig. 2. 1, microstructural observations show that ductile deformation re-

sulted in three orders of magnitude grain size reduction. Peridotite mylonites are commonly

sampled from oceanic fracture zones (Jaroslow et al., 1996). The geologic provenance of

these mylonites suggests that they formed in the ductile region of the lithosphere along the

down-dip extension of transform faults. We describe fabrics in a peridotite mylonite from

the Shaka Fracture Zone that support extrapolation of experimentally determined rheolog-

ical data (Hirth and Kohlstedt, 2003) to geologic conditions appropriate for the oceanic

lithosphere. We conclude that grain boundary sliding and grain boundary pinning lead to

permanent grain size reduction and strain localization.

Previous studies of peridotite mylonites in orogenic massifs and ophiolites have inter-

preted grain size reduction in mylonites as the result of (i) fluid addition (e.g., Vissers et al.,

1995), (ii) reaction with melt (e.g., Dijkstra et al., 2002), and (iii) the breakdown reaction of

spinel to plagioclase with decreasing pressure (e.g., Furusho and Kyuichi, 1999; Newman

et al., 1999); see Drury et al. (1991 ) for a review of earlier literature. Vissers et al. (1995)

interpreted the microstructures in Erro-Tobbio lherzolite mylonites as resulting from a wet

olivine rheology with reaction-related grain size reduction. Dijkstra et al. (2002) concluded

that a melt-present reaction promoted grain size sensitive deformation in shear zone my-

lonites from the Othris peridotite massif. In the Turon de T6cou6re peridotite shear zone,

Newman et al. (1999) suggested that grain size reduction resulted from the spinel to pla-

gioclase phase transition reaction.

Several lines of evidence indicate that the Shaka Fracture Zone mylonites deformed in

the absence of water and melt, and that breakdown reactions were not involved. We find
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no syn-deformational hydrous phases such as amphibole, talc or serpentine. The mantle

at fracture zones is expected to be dehydrated and depleted due to earlier on-axis melting

and melt extraction (Hirth and Kohlstedt, 1996). In addition to the lack of evidence for

melt or water involvement in the mylonite deformation, we find no indication of reaction

enhancement via the breakdown of spinel to plagioclase. The rare earth element concen-

trations measured by ion microprobe in a clinopyroxene porphyroclast have the typical

depleted compositions found in other abyssal peridotites (Johnson et al., 1990), with no Eu

anomaly, which is a sensitive indicator of plagioclase formation (Warren et al., 2003).

2.2 Methods

To study deformation mechanisms in mylonites, we used electron backscatter diffrac-

tion (EBSD) to analyze olivine and orthopyroxene crystal orientations in thin sections of

mylonitized peridotites cut parallel to lineation and perpendicular to foliation. We made

orientation measurements down to a I pm grain size, an order of magnitude smaller size

than that accessible with a U-stage. In addition, EBSD permits identification and quan-

tification of the distribution of secondary phases. Data were gathered using an electron

backscatter detector attached to a JEOL 840 SEM. Portions of thin sections were mapped

for lattice orientation in 1, 2, or 4 micron steps (depending on the average grain size of the

region being mapped), using a rasterized beam across the sample surface. EBSD patterns

were processed and analyzed using HKL Technology's Channel 5 software package.

Orientation maps in Figs. 2.2-2.4 contain from 52% to 72% indexed data. Non-indexed

(white) pixels represent points with a mean angular deviation (MAD) number > 1', which

result from surface roughness and computer mis-indexing. The MAD number quantifies the

mismatch between lattice planes in the calculated orientation and those quantified from the

digitized bands of the diffraction pattern. Raw data, consisting of all indexed points with a

MAD number < 1, are shown as maps and pole figures for coarser and finer grained regions
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in Fig. 2.2. Processed data, for which wild spikes have been removed and all pixels with

zero solutions have been extrapolated, are also shown in Fig. 2.2. Wild spikes are single

pixels (i) which are misoriented by > 10 from the average orientation of the surrounding

eight pixels and (ii) for which the maximum misorientation between any two of the sur-

rounding pixels is < 100. All pixels which are wild spikes or have a MAD number > I' are

replaced with zero, or null, solutions. In the processed data, pixels with zero solutions were

replaced with the most common neighbor orientation. This method of processing the data

minimizes the overcounting of individual grains when extracting one orientation point per

grain for the construction of pole figures. However, it under-represents the smallest grains,

which are close to the sampling step size and are filtered out with noise in the data.

Pole figures, shown in Figs. 2.2-2.4, were calculated using one point per grain, with

all data sets containing >180 grains, which has been demonstrated to provide statistically

robust results (Ben IsmaYl and Mainprice, 1998). Grain boundaries were defined by mis-

orientations > 10' between adjacent points and subgrains by 20 - 100 misorientations. Pole

figures of raw and processed data in Fig. 2.2 demonstrate that in both the finer and coarser

grained areas, the processing affects the strength of the lattice preferred orientation (LPO),

but does not alter the overall LPO pattern. There are two main differences between the

raw and processed data: (1) the removal of small grains, points with no solutions and wild

spikes, which decreases the randomness of the data, leading to a stronger LPO and (2) ex-

trapolation of the data, which further reduces the number of small grains but increases the

randomness of the data, as groups of adjacent small grains with the same orientation are

replaced by individual large grains.

Using an alternative processing method, shown in Fig. 2.21-J, data are extrapolated

prior to the removal of wild spikes. This provides a better representation of the distribution

of the pyroxene and spinel grains in the finest grained areas of the sample. However, as we

wish to minimize potential bias in the olivine fabrics, we show data processed by the first
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method only in Figs. 2.3 and 2.4. These issues are inherent in analyzing such fine grained

material, which has a grain size close to the minimum step size.

2.3 Results

Microstructural observations of the mylonites indicate that grain size reduction leads to

progressive localization of deformation into fine-grained bands. The influence of grain size

on rheology can be seen in the optical-scale microstructures in Fig. 2. 1. The mylonite con-

sists of anastomosing bands of coarser (< 100 pm) and finer (< 10 im) grained olivine,

with distributed grains of orthopyroxene, clinopyroxene and spinel. Large, round to elon-

gate porphyroclasts of olivine, orthopyroxene, clinopyroxene and spinel, ranging in size

from 0.1 mm to 5 mm, are preserved in the fine grained matrix. These microstructures

indicate that the large porphyroclast grains behaved as hard inclusions during deformation.

In some cases, these inclusions are relatively coarse-grained aggregates of olivine (Fig.

2.1). Kinematic indicators, such as vergence of small folds and asymmetric recrystalliza-

tion trails around porphyroclasts, indicate the relative sense of shear for the mylonite.

Olivine orientations in coarser and finer grained regions of the mylonite are shown in

maps and pole figures in Figs. 2.3 and 2.4. The data are plotted with respect to the banding

and lineation orientations, which we assume are equivalent to the shear plane for this high

strain rock. Data are presented for two coarser grained regions of the mylonite in Fig. 2.3,

with the pole figures divided into 1-10 im and 10-100 pm size grains for each dataset. In

the first region (Fig. 2.3A-C), a [100] maximum is observed in the plane of the banding

and sub-parallel to the lineation, while a [001] maximum is observed perpendicular to the

banding. In some areas, the LPO is significantly stronger among 10-100 ILm grains than

among 1-10 pm grains. In the other coarse grained region, a pole figure is only shown for

the 10-100 im size grains (Fig. 2.3E), due to the large step size at which this dataset was

collected. The [100] maximum is not oriented parallel to the banding. A variable LPO
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was also found by limited universal stage work on coarser grained regions in this sample

(Jaroslow et al., 1996).

In the finer grained regions, shown in Fig. 2.4, a decrease in LPO strength is observed

in all three areas measured. Almost no LPO is observed in some regions of the fine-grained

bands (Fig. 2.4A-F). Locally, in the fine grained region shown in Fig. 2.4E-F, we find

a weak and dispersed "ghost" of the LPO observed in the coarser-grained region in Fig.

2.3A-C.

The variation of LPO and grain size correlates with the secondary phase distribution.

Pyroxenes and spinel are inhomogeneously distributed in the mylonite, with small grains

of these phases predominant in regions with a smaller olivine grain size. Based on the very

fine grain size, the raw data (Fig. 2.2A,E), and the alternative method of processing the data

(Fig. 2.21), the number of small orthopyroxene grains is greater than that shown in Figs.

2.3 and 2.4. The EBSD orientation maps highlight the larger number of secondary phases

in finer grained areas relative to coarser grained areas (compare Fig. 2.2B to Fig. 2.2F).

The finer grained areas have a smaller range of grain sizes and a more random distribution

of secondary phases. In contrast, the coarser grained regions have a larger range of olivine

grain sizes. Locally, small grains of secondary phases are mixed with small grains of olivine

at the edges of larger olivine grains.

Figs. 2.2F and 2.21 provide lower and upper bounds on the amount of secondary phases

pinning the grain boundaries in the finest grained areas. We have also examined back-

scattered electron images and X-ray maps of coarse and fine grained areas. These confirm

our observation of a greater concentration of secondary phases in the finest grained areas.

Similarly, high resolution EBSD and X-ray maps of Michibayashi and Mainprice (2003,

2004) show a greater accumulation of secondary phases in finer grained regions of the

peridotite mylonite in their study.
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2.4 Discussion

2.4.1 Fabric variations with grain size

The variation in olivine fabric with grain size in the mylonite provides an opportunity to

constrain grain size sensitive deformation mechanisms in the lithosphere. Three observa-

tions in particular can be exploited to constrain the deformation mechanisms: (i) random-

ization of a pre-existing LPO in the finest grained regions of the mylonite; (ii) observation

of an LPO in coarser grained regions; (iii) the preservation of porphyroclasts.

The randomization of olivine LPO in the finest grained regions of the mylonite indicates

a change in deformation mechanism to diffusion creep. Two observations suggest that the

randomization of LPO occurred as deformation localized into fine grained regions. First, a

weak LPO is observed in one fine grained area (Fig. 2.4F) which is similar to the LPO in

a coarser grained area (Fig. 2.3B-C). Second, the LPO among 1-10 tm grains in a coarser

grained area is similar, but weaker, than that in the 10-100 tm size fraction (Fig. 2.3B-C).

We conclude that the randomization of LPO is related to grain rotations that occur during

the grain boundary switching process, which is required during diffusion creep (e.g., Raj

and Ashby, 197 1).

The LPO in the coarser grained regions indicates that a dislocation process accommo-

dated deformation during the early stages of mylonitization. At the same time, the preser-

vation of large, sometimes equant, porphyroclasts implies that the rheology is grain size

sensitive. If the rheology was not grain size sensitive, then all grains should be deformed to

the same degree and large, relatively undeformed porphyroclasts would not be preserved.

Based on comparison to experimental studies, we suggest that deformation in the coarser

grained bands occurred by dislocation accommodated grain boundary sliding (DisGBS).

DisGBS is a grain size sensitive creep mechanism that was identified experimentally on the

basis of rheologic data on olivine aggregates deformed near the transition between disloca-
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tion creep and diffusion creep (Hirth and Kohlstedt, 1995, 2003). Of particular significance

for our analysis is that deformation by DisGBS has been shown to produce LPOs in cal-

cite (Schmid et al., 1987; Rutter et al., 1994) and ice (Durham et al., 2001; Goldsby and

Kohlstedt, 2002).

During DisGBS, strain is dominantly accommodated by the relative movement of grains

(i.e. grain boundary sliding) and is limited by either this process or the movement of

dislocations within grains on the easy slip system (Goldsby and Kohlstedt, 2001; Hirth and

Kohlstedt, 2003). These two processes act in series, as deformation is not accommodated

independently by either grain boundary sliding or easy slip. Thus the strain rate for DisGBS

(eDi 63S,) is limited by the slowest of the two mechanisms through the relationship:

l)isGBS (2.1)

where C'BS is the strain rate for grain boundary sliding (GBS) and it;,. is the strain rate

for easy slip. The grain size sensitivity of DisGBS results from the influence of grain size

on the GBS component of the flow law.

There is considerable confusion regarding the terminology used for grain size depen-

dent deformation mechanisms. For example, deformation in both the diffusion creep and

DisGBS regimes involves grain boundary sliding, with relative grain movement accom-

modated either by diffusion or dislocation processes, respectively. Furthermore, the term

superplasticity is often used when referring to deformation accommodated by GBS (see

discussion in Goldsby and Kohlstedt, 2001)). To clarify our terminology, we refer to the

serial deformation process (Eq. 2. 1) as DisGBS and the grain boundary sliding component

of the process as GBS.

28



2.4.2 Deformation mechanism maps

We use olivine deformation mechanism maps to constrain the deformation conditions of

the mylonites (Fig. 2.5A). The total strain rate (eTotal) during deformation is contoured in

stress versus grain size space, using the constitutive law (Hirth and Kohlstedt, 2003):

iTotal = EDif + eDis + eLTP + iDisGBS (2.2)

where eDif is the strain rate for diffusion creep, Dis for dislocation creep, and iLTP for

low-temperature plasticity (LTP). The flow law formulation and experimental data for LTP

are from Goetze (1978) and Evans and Goetze (1979). These four deformation mechanisms

are independent, so the mechanism with the fastest strain rate controls the rheology.

The boundaries for the fields of diffusion creep, dislocation creep, and DisGBS are cal-

culated using a compilation of olivine experimental data from Hirth and Kohlstedt (2003).

The flow laws for melt- and water-free aggregates in these regimes have the form:

E+±PV
= Ao,'d-'exp(- RT (2.3)

where A is a constant, or is the differential stress, n is the stress exponent, d is the grain size,

p is the grain size exponent, E is the activation energy, P is the pressure, V is the activation

volume, R is the gas constant, and T is the absolute temperature. For the mylonite, d is in

the range of 1-100 pm. The deformation temperature is constrained from thermometry to

lie in the range 600-750'C (Jaroslow et al., 1996). We use a nominal pressure of 400 MPa

for these calculations. The pressure of deformation is not well constrained, however the

PV term in Eq. 2.3 is negligible for deformation in the shallow oceanic lithosphere.

Application of the experimental olivine data to the conditions of mylonite formation in-

volves a significant extrapolation of temperature, but not of grain size or stress. Therefore,

the greatest uncertainty in the map in Fig. 2.5A is in the activation energies for the defor-
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mation mechanisms. We calculated the error range for the field boundaries due to error in

these activation energies. The activation energies for DisGBS are the most uncertain. For

the grain boundary sliding component, the activation energy is assumed to be the same as

that for the easy slip system, which is constrained experimentally at high temperature (Bai

et al., 1991). However, results from Carter and Ave'Lallemant (1970) on the experimental

deformation of dunites indicate that the easy slip system in olivine changes at low temper-

ature. Despite uncertainty in the extrapolation to low temperature, the range of estimated

mylonite deformation conditions lies within the DisGBS field, as shown in Fig. 2.5A.

To emphasize the conditions where DisGBS is a significant deformation mechanism,

and its significance for LPO development, we plot strain rate versus grain size for a stress

of 300 MPa in Fig. 2.5B. This plot represents a constant stress section through Fig. 2.5A.

The total strain rate is dominated by DisGBS at grain sizes in the range ,- 15-700 Inm. Fur-

thermore, the strain rate for DisGBS is at least an order of magnitude greater than that for

dislocation creep at grain sizes <-300 pim. The strain rate for diffusion creep becomes

greater than that for DisGBS at grain sizes <15 im. For comparison, at a grain size

of - 15 Itm, the strain rate for diffusion creep is approximately three orders of magnitude

greater than that for dislocation creep. Assuming that LPOs form when a dislocation pro-

cess accommodates a significant component of the total strain - and recalling that our

microstructural observations indicate a randomization of LPO when grain size decreases

below - 10 jim - we conclude that the LPOs observed in coarser grained regions of the

mylonite resulted from DisGBS.

Our results suggest that an LPO is maintained during DisGBS when the easy slip com-

ponent is dominant during deformation, though rate limited by the GBS component. Grain

boundary sliding, whether diffusion or dislocation accommodated, tends to randomize

LPOs. Prior and co-workers have demonstrated that a grain boundary sliding process leads

to an increased dispersion in the misorientation between grains, which weakens an initial
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single crystal LPO (Jiang et al., 2000; Bestmann and Prior, 2003; Storey and Prior, 2005).

Our observation of a randomized LPO during diffusion creep supports the suggestion by

Bestmann and Prior (2003) that a grain boundary sliding process weakens LPOs.

2.4.3 Recrystallization and grain boundary pinning

To understand how grain size sensitive creep promotes strain localization, we consider

the processes that control the evolution of grain size during mylonite deformation. As de-

formation continues to lower temperature, and therefore higher stress, grain size decreases

as a result of dynamic recrystallization. Empirical relationships between stress and grain

size have been determined for olivine and this recrystallization piezometer (Karato et al.,

1980; Van der Wal et al., 1993) is shown in Fig. 2.5A. Dynamic recrystallization is driven

by gradients in dislocation density, which promote subgrain rotation and grain boundary

migration. In the diffusion creep field, the applicability of the empirical piezometer is prob-

lematic owing to a potential lack of driving force for recrystallization. This insight moti-

vated the field boundary hypothesis (De Bresser et al., 1998, 2001), in which the piezometer

is defined by the boundary between the dislocation creep and diffusion creep fields. Thus,

the piezometric relationship may be temperature dependent due to differences in the ac-

tivation energy for the creep processes. However, Drury (2005) emphasized the lack of

evidence for temperature dependence in the empirical relationships for olivine, based on

the observation of statistically equivalent piezometric relationships for samples deformed

at 1100-1300'C (Van der Wal et al., 1993) and at 1500'C (Karato et al., 1980). Thus, while

the field boundary hypothesis has merit, the higher temperature experimental data indicate

that a recrystallization piezometer applies within the dislocation creep regime.

The magnitude of grain size reduction in the mylonite can be explained by either the

empirical piezometric relationship or a modified field boundary hypothesis. As illustrated

in Fig. 2.5A, the grain size at which we see evidence for LPO randomization (i.e., -10

31



jim) falls near the boundary between diffusion creep and DisGBS at geologic strain rates,

consistent with a modified field boundary hypothesis in which the piezometer is defined by

the diffusion creep/DisGBS field boundary, rather than the diffusion creep/dislocation creep

field boundary. At the same time, the empirical piezometric relationship falls in the DisGBS

field (within uncertainty), indicating that the driving force for recrystallization arises from

the easy slip component of the DisGBS mechanism. In either case, we emphasize that the

extreme grain size reduction observed in the mylonites is difficult to explain without the

DisGBS mechanism.

Grain boundary pinning can lead to permanent grain size reduction and a transition to

diffusion creep. Without a mechanism to limit grain growth, grain size reduction may not

promote a transition to diffusion creep in single phase materials, due to a dynamic balance

between grain growth and recrystallization (De Bresser et al., 1998, 2001). However, we

suggest that the translation of grains during DisGBS by grain boundary sliding (and phase

boundary sliding) results in the mixing of different mineral phases, which eventually in-

hibits grain growth. In the mylonite, the randomization of LPO in the tine grained regions

indicates that the presence of pyroxenes and spinel results in the pinning of olivine grain

boundaries, leading to a transition to diffusion creep. Previous studies have emphasized the

role of grain size pinning, resulting from fluid addition, melt crystallization or metamorphic

reactions, in promoting grain size sensitive creep processes (Vissers et al., 1995; Furusho

and Kyuichi, 1999; Newman et al., 1999; Dijkstra et al., 2002).

2.4.4 Strain localization

To explore the implications of grain size sensitive creep mechanisms for strain localiza-

tion in the oceanic lithosphere, in Fig. 2.6 we compare the viscosities of a fine grained shear

zone and the surrounding coarse grained mantle. Based on our analysis of microstructural

data and experimental flow laws, we assume that deformation in the shear zone occurs at
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a stress and grain size on the boundary between the DisGBS and diffusion creep fields on

the deformation mechanism map, which leads to the relationships:

DisGBS - eDif (2.4)

SZ = eDisGBS + Dif = 2eDisGBS = 2Dif (2.5)

where sz is the shear zone strain rate.

The effective viscosity (77) of the shear zone in Fig. 2.6 is calculated using Eqs. 2.3

and 2.5, the relationship 77 = a/sz and assuming sz = 10-12s-1. The calculations are

made for both the GBS and the easy slip components of DisGBS, as shown in Fig. 2.6.

At temperatures greater than -700'C, viscosity in the shear zone is controlled by the GBS

component of the DisGBS flow law and this component may dominate, within error, at

lower temperatures as well.

The shear zone viscosity at 700'C is approximately four orders of magnitude lower than

outside the shear zone (Fig. 2.6). Outside the shear zone, we assume (i) that dislocation

creep accommodates deformation of the coarse-grained mantle and (ii) that stress is limited

by the strength of the shear zone. The effective viscosity for the shear zone remains lower

than the coarse grained mantle until a temperature of -95 0 'C, at which point deformation

is no longer localized. Where grain size pinning results in a transition to diffusion creep,

the viscosity contrast would be even larger than that illustrated in Fig. 2.6.

A convenient flow law for deformation in mantle shear zones - which accounts for

grain size dependence - can be derived by solving Eq. 2.4 for grain size and substituting

into Eq. 2.5:
A3SB a 5 x( 2 HDif - 3 HDisGBS)

ez=2ADisGBS 8. exp( 2Hi Hi,B) (2.6)
sz --- A 2  RT

Dif (2.6

where H = E + PV. Using the values for these parameters from Hirth and Kohlstedt
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(2003), Eq. 2.6 can then be written as:

-4.7 x 105

esz = 2.4 x 10 7 " . (Xp( RT (2.7)

for (7 in MPa. This relationship is applicable for shear zone deformation at temperatures

<950'C and lithospheric depths, where the PV term is negligible. We reiterate that the

largest uncertainty is related to the activation energy, as shown in Fig. 2.5A. At higher

temperature, and therefore lower stress, errors associated with extrapolation in stress and

grain size should also be considered.

2.4.5 Relationship of mylonites to earthquake processes

A combination of geophysical, experimental and geochemical observations indicate that

the transition from brittle to ductile processes occurs at a temperature of ,-600'C in the

oceanic lithosphere. Seismological studies of the depth of earthquakes along transform

faults indicate that seismicity is confined to depths in the oceanic lithosphere with tempera-

tures <600'C (e.g., Engeln et al., 1986; Abercrombie and Ekstr6m, 2001). Extrapolation of

experimental data for olivine aggregates indicates that the 600'C isotherm also marks the

transition from stable to unstable frictional sliding (Boettcher et al., 2007). Finally,Jaroslow

et al. (1996) estimated that the minimum temperature for mylonite deformation is ,-600'C,

based on olivine-spinel geothermometry.

In Fig. 2.7, we compare the estimated strain rate for mylonite deformation to the strain

rates for different geologic processes. The stress and strain rate of mylonite deformation

are estimated using the microstructural observations combined with the olivine flow laws.

From the recrystallization piezometer (Karato et al., 1980; Van der Wal et al., 1993), the

estimated differential stress for a recrystallized grain size of 10 pm is 240 MPa and of 3 /Im

is 580 MPa. At 600-700'C and these stress and grain size conditions, the estimated strain
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rate for mylonite deformation is 10-14 - 10-ls°- 1. The strain rate for post-seismic slip in

Fig. 2.7 is calculated as:

e slip ) X
width ×  (2.8)

where At is the duration of post-seismic slip. The estimated strain rate for post-seismic

slip is 10 0 - 10- 5 s- 1 , for slip < 1 m, width - 1 m to < 1 km, and At - 1 - 100 days.

Therefore, the estimated strain rate for mylonites overlaps the low end of post-seismic

slip and the high end of tectonic strain rates (i.e., 10- 15 - 10-1 2 s-1). Our results place

constraints on the conditions of deformation at the base of the seismogenic zone in the

oceanic lithosphere, which may be used to interpret geodetic data for post-seismic slip

(e.g., Mont6si and Hirth, 2003).

2.4.6 Mantle anisotropy

The microstructural observations of the mylonite demonstrate that the transition to dif-

fusion creep results in a randomization of pre-existing LPOs. Evidence that pre-existing

anisotropy may be destroyed by the transition to diffusion creep is important for under-

standing mantle anisotropy. In the upper mantle, seismic anisotropy reflects high tem-

perature flow by dislocation creep (Nicolas and Christensen, 1987; Nishimura and Forsyth,

1989; Mainprice and Silver, 1993; Jung and Karato, 2001). However, with increasing depth

and temperature in the mantle, the dominant mechanism of olivine deformation may change

from dislocation creep to diffusion creep (Karato and Wu, 1993). Our results indicate that

such a change can lead to a decrease in mantle anisotropy, if enough strain is accumulated

to randomize the fabric. We emphasize that in the case of shear zones, we do not expect

fabric randomization to have a detectable effect on regional mantle anisotropy. However,

following the suggestion of Karato and Wu (1993) that a transition to diffusion creep may

occur at depth in the upper mantle, our results imply that this would lead to an isotropic

layer in the lower portion of the upper mantle.
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